Errors in chromosome segregation in mammalian oocytes lead to aneuploid eggs that are developmentally compromised. In mitotic cells, mitotic centromere associated kinesin (MCAK; KIF2C) prevents chromosome segregation errors by detaching incorrect microtubule-kinetochore interactions. Here, we examine whether MCAK is involved in spindle function in mouse oocyte meiosis I, and whether MCAK is necessary to prevent chromosome segregation errors. We find that MCAK is recruited to centromeres, kinetochores and chromosome arms in mid-meiosis I, and that MCAK depletion, or inhibition using a dominantnegative construct, causes chromosome misalignment. However, the majority of oocytes complete meiosis I and the resulting eggs retain the correct number of chromosomes. Moreover, MCAK-depleted oocytes can recover from mono-orientation of homologous kinetochores in mid-meiosis I to segregate chromosomes correctly. Thus, MCAK contributes to chromosome alignment in meiosis I, but is not necessary for preventing chromosome segregation errors. Although other correction mechanisms may function in mammalian meiosis I, we speculate that late establishment of kinetochore microtubules in oocytes reduces the likelihood of incorrect microtubule-kinetochore interactions, bypassing the requirement for error correction. ] was obtained in pEGFP-N1 and subcloned into pBluescript II KS(+) (Stratagene). Plasmids were amplified, linearised and mRNA generated for microinjection using Ambion mMessage Machine T7 Ultra, as described previously (FitzHarris, 2009). Morpholinos (Gene Tools) were microinjected at an estimated final concentration of 50-100 M. MCAK-MO, 5Ј-CATGGACTCAGGAACAACAACAGGC-3Ј; Control-MO, 5Ј-CCTCTTACCTCATTACAATTTATA-3Ј; Mad2-MO, 5Ј-GCTCTCGGGCGAGCTGCTGTGCCAT-3Ј.
INTRODUCTION
Ensuring that chromosomes are correctly segregated during cell division is crucial because errors lead to loss or gain of a chromosome, known as aneuploidy. In somatic cells, aneuploidy is associated with cancer (Pihan and Doxsey, 2003) . In mammalian oocytes, chromosome segregation errors result in aneuploid eggs and early embryo loss (Hassold and Hunt, 2001) . The mechanisms that cells employ to prevent chromosome segregation errors remain poorly understood.
Mitotic centromere associated kinesin (MCAK; also known as KIF2C) is a member of the Kinesin-13 family of microtubule (MT)-depolymerising kinesins and is an important regulator of MT dynamics in a variety of systems (Desai et al., 1999; Moore and Wordeman, 2004) . In mammalian somatic cells, MCAK localises to centromeres and kinetochores, and also to spindle poles (Andrews et al., 2004; Knowlton et al., 2006; Lan et al., 2004; Maney et al., 1998; Walczak et al., 1996; Wordeman and Mitchison, 1995) . MCAK inhibition leads to the accumulation of incorrectly docked MTs with a kinetochore attached to both poles . Such misattachments, referred to in mitosis as merotelic attachments, go undetected by the spindle assembly checkpoint (SAC) and are therefore considered a major potential route of aneuploidy (Cimini et al., 2001; Salmon et al., 2005) . Consistent with this, MCAK depletion or inhibition does not prevent cell division in somatic cells, but causes defects including chromosome misalignment in prometaphase, lagging chromosomes in anaphase, and unequal chromosome segregation (Bakhoum et al., 2009a; Ganem et al., 2005; Kline-Smith et al., 2004; Maney et al., 1998) . Moreover, MCAK overexpression can suppress segregation errors in chromosomally unstable cell lines (Bakhoum et al., 2009b) . MCAK is thus thought to use its depolymerising activity to detach MTs at the kinetochore, promoting the correction of those that were erroneously docked.
Errors in chromosome segregation are a common feature of mammalian oocyte meiosis I, especially in oocytes from older females (Hassold and Hunt, 2001; Pan et al., 2008) , the molecular basis of which is poorly understood (Jones, 2008) . Although aging may be associated with a loss of SAC components in oocytes (Pan et al., 2008; Steuerwald et al., 2001) , recent experiments failed to demonstrate a defective SAC in older mice (Duncan et al., 2009 ). A microarray screen of genes that are differentially expressed in oocytes from old compared with young mice recently suggested that Mcak transcripts are reduced in older mothers (Pan et al., 2008) . Thus, an attractive possibility is that a reduced ability of MCAK to repair incorrect kinetochore-MT attachments contributes to aneuploidy in mammalian oocytes (Pan et al., 2008) . Here, we directly test the involvement of MCAK in mouse oocyte meiosis I. Our experiments reveal that MCAK is present and influences chromosome alignment in mouse meiosis, but is not necessary for preventing aneuploidy.
MATERIALS AND METHODS

Oocyte handling
Germinal vesicle (GV) oocytes were collected from MF1 mice 44-46 hours after pregnant mares serum gonadotrophin (PMSG) administration. IBMX was used at 200 M. Microinjection was performed using a Leica inverted microscope and Narishige manipulators, as described previously (FitzHarris, 2009) . Oocyte manipulations were carried out in M2 media, and oocytes were cultured in M16 in an atmosphere-controlled chamber containing 5% CO 2 , 5% O 2 and 90% nitrogen, at 37°C.
Fluorescent proteins and antisense oligonucleotides
Chinese hamster MCAK-GFP was purchased in the pEGFP-C1 vector from Addgene (pYOY152) and subcloned into pcDNA.3.1/myc-His(-)A. RAMLhyp-RFP [a gift from Linda Wordemann, Seattle, WA, USA ] was obtained in pEGFP-N1 and subcloned into pBluescript II KS(+) (Stratagene). Plasmids were amplified, linearised and mRNA generated for microinjection using Ambion mMessage Machine T7 Ultra, as described previously (FitzHarris, 2009) . Morpholinos (Gene Tools) were microinjected at an estimated final concentration of 50-100 M. MCAK-MO, 5Ј-CATGGACTCAGGAACAACAACAGGC-3Ј; Control-MO, 5Ј-CCTCTTACCTCATTACAATTTATA-3Ј; Mad2-MO, 5Ј-GCTCTCGGGCGAGCTGCTGTGCCAT-3Ј.
Imaging
Oocytes were fixed and permeablised in PHEM buffer containing 4% paraformaldehyde and 0.5% Triton X-100. Primary antibodies used: rabbit anti-MCAK and anti-KIF2A (1/1000; gifts from Duane Compton, Dartmouth, NH, USA), CREST serum (1/300; a gift from William Earnshaw, Edinburgh, UK) and YL1/2 anti--tubulin (1/1000; Abcam). Chromatin was labelled with 5 g/ml Hoechst 33343 for 5 minutes. Confocal imaging was performed on a Zeiss 510 microscope.
Chromosome counts were performed as described (Duncan et al., 2009) , with minor modifications. Spindles were collapsed using a 90-minute pulse of monastrol (200 M). Oocytes were labelled with CREST antibodies and Hoechst, and mounted on slides. Serial z-sections were acquired at 0.5 m intervals. All counting was performed blind. For chromosome alignment experiments, fixed oocytes were examined using a Leica inverted microscope fitted with fluorescence optics. Oocytes were rolled using a glass pipette to orientate the M-phase plate, and the number of chromosomes that were separated from the plate was counted.
RESULTS AND DISCUSSION MCAK depletion or inhibition causes chromosome misalignment in meiosis I
Following release from the ovary or from agents that increase cAMP concentration, such as the phosphodiesterase inhibitor 3-isobutyl-1-methylxanthine (IBMX), mouse oocytes progress through meiosis I, characterised by the breakdown of the prominent prophase I nucleus [germinal vesicle breakdown (GVBD), 1-2 hours after release], formation of the meiosis I spindle (~4 hours), and completion of the meiosis I-meiosis II transition (10-12 hours). The meiosis I spindle positions bivalents (paired homologues) with sister kinetochores orientated towards the same pole, thereby segregating homologous chromosomes into the metaphase II egg and first polar body (Pb1).
First, we determined the subcellular localisation of MCAK in meiosis I using MCAK-specific antibodies (Mack and Compton, 2001) . MCAK showed no obvious localisation in GV stage oocytes or 2 hours after their release from IBMX, but appeared as clear punctuate spots of fluorescence at the interface between the tips of the chromosomes and the metaphase I (MI) spindle MTs between 6 and 8 hours after release (Fig. 1A) . The MCAK foci normally overlapped with the CREST-labelled inner kinetochore and the chromosome ends, consistent with localisation at the centromere/ kinetochore region (Fig. 1B,C) . Faint MCAK staining was also frequently apparent on the spindle poles and on chromosome arms (Fig. 1C) .
To examine the role of MCAK in meiosis I, we injected a morpholino antisense oligonucleotide specific for mouse Mcak (MCAK-MO) into GV stage oocytes. Injected oocytes were maintained at GV stage for 20 hours in IBMX, then examined 7 hours after release from IBMX in mid-meiosis I. MCAK-MO efficiently depleted MCAK from kinetochores/centromeres in all oocytes ( Fig. 2A ; see Fig. S1A in the supplementary material), but had no effect upon KIF2A, another Kinesin-13 family member (see Fig. S1B in the supplementary material). MCAK depletion did not prevent bipolar spindle formation ( Fig. 2A) . To determine whether MCAK depletion affects MI chromosome alignment we used a stringent scoring system in which oocytes were rotated to establish the orientation of the M-phase plate and categorised as having fully aligned chromosomes, one or two chromosomes misaligned, or three or more chromosomes misaligned (which we termed severe misalignment). Strikingly, ~30% of MCAK-MO-injected oocytes displayed severe misalignment, compared with fewer than 5% in controls ( Fig. 2A,AЉ in ~60% of oocytes was unlikely to be due to failure of the morpholino because kinetochore/centromere MCAK staining was absent even in oocytes with good alignment ( Fig. 2A ; see Fig. S1A in the supplementary material). Importantly, to confirm that the misalignment was attributable to MCAK depletion, we injected mRNA encoding hamster MCAK-GFP at the same time as MCAK-MO. MCAK-GFP localised to centromeres and chromosomes, similar to the MCAK antibody (Fig. 2AЈ) , and strong overexpression of MCAK-GFP in normal oocytes (not MCAK-MO injected) caused spindle collapse (see Fig. S2 in the supplementary material), indicating that MCAK-GFP is functional. MCAK-MO MCAK-GFP co-injected oocytes displayed minimal chromosome misalignment in mid-meiosis I, similar to controls (Fig. 2AЉ) , indicating that exogenous MCAK can prevent misalignment caused by MCAK depletion.
As an additional means of examining the role of MCAK, we expressed a full-length MCAK inactivated with point mutations at three sites in the motor region and at five additional regulatory sites as a fusion protein with red fluorescent protein (RFP), which is a potent MCAK inhibitor . The fusion protein (RAMFLhyp-RFP) was detectable throughout the cytoplasm, and was enriched at the centromere (Fig. 2B) , as previously reported in mammalian cells , and also weakly labelled chromosome arms, similar to the antibody and MCAK-GFP. RAMFLhyp-RFP-expressing oocytes exhibited meiosis I chromosome alignment defects to a similar degree as caused by MCAK depletion (Fig. 2BЈ) . Thus, MCAK depletion or inhibition does not prevent spindle formation but causes chromosome misalignment in ~30% of oocytes in midmeiosis I.
MCAK-depleted or -inhibited oocytes can complete meiosis I Next, we examined whether MCAK-depleted or RAMFLhyp-RFP-expressing oocytes could complete meiosis I. MCAK depletion consistently caused a small, but significant, decrease in the proportion of oocytes that completed meiosis I. Over the course of ten separate experiments, 50±6% of MCAK-MOinjected oocytes had extruded Pb1 24 hours after IBMX washout, as compared with 67±4% of Control-MO-injected oocytes (P<0.01). The time from GVBD to Pb1 extrusion was unchanged in those MCAK-MO-injected oocytes that did complete meiosis I (see Fig. S3 in the supplementary material) . By examining chromosomes in live oocytes, we found that 2135 RESEARCH REPORT MCAK in mouse oocyte meiosis oocytes with severe misalignment in mid-meiosis I rarely completed meiosis (see Fig. S4 in the supplementary material), indicating that misalignment in mid-meiosis I correlates with a failure to complete meiosis I. Since we frequently observed misaligned chromosomes in MCAK-depleted oocytes, with both kinetochore pairs oriented towards the same spindle pole (see Fig. 2A ), we reasoned that the SAC might be activated in this subset of oocytes. Consistent with this, co-injection of a morpholino against Mad2, which encodes an SAC protein, caused an increase in MCAK-depleted oocytes completing meiosis I (Homer et al., 2005) (see Fig. S5 in the supplementary  material) . Thus, unlike in somatic cells, in which MCAK perturbation fails to activate the SAC (Kline-Smith et al., 2004), MCAK-depletion-associated chromosome misalignment triggers an SAC-mediated arrest in a subset of mouse oocytes.
Nonetheless, the majority of MCAK-MO-injected oocytes completed meiosis I. A low concentration of nocodazole that perturbs but does not disassemble the spindle arrested MCAKdepleted oocytes in MI, which, together with the unchanged duration of MI (see Fig. S3 in the supplementary material), suggests that meiosis I completion was not attributable to SAC defects (Homer et al., 2005) . Therefore, MCAK perturbation causes chromosome misalignment and cell cycle arrest in a subset of oocytes, but most MCAK-depleted or RAMFLhyp-RFPexpressing oocytes complete meiosis I.
MCAK inhibition or depletion in meiosis I does not cause aneuploidy
In somatic cells, MCAK perturbation causes chromosome missegregation. To determine directly whether MCAK depletion or inhibition causes mis-segregation in oocyte meiosis I, we analysed chromosome number in metaphase II eggs using the method recently devised by Duncan and colleagues (Duncan et al., 2009 ). This method allows chromosome counts in intact oocytes, enabling the loss or gain of a chromosome to be reliably observed. We found the correct complement of 20 pairs of sister chromatids in almost all oocytes injected with MCAK-MO or expressing RAMFLhyp-RFP (Fig. 3) . Moreover, we performed chromosome counts in twelve eggs subjected to simultaneous RAMFLhyp expression and MCAK depletion, and none of these was aneuploid. Long-term, low-dose nocodazole caused aneuploidy in most oocytes, as previously described (Duncan et al., 2009 ), confirming our ability to detect aneuploidy in this setting ( Fig. 3; see Fig. S6 in the supplementary material). Thus, MCAK perturbation does not result in aneuploid eggs.
MCAK-independent aneuploidy prevention in the mouse oocyte
Mammalian oocyte meiosis I is extraordinarily protracted, with the MI spindle persisting for ~5-8 hours in mouse (Polanski et al., 1998) . Electron microscopy studies suggest that for the majority of this time, end-on interactions of the MTs with the kinetochore are absent. Instead, bivalents are positioned by direct interaction of MTs with the chromosome arms and possibly by unstable side-on interactions with kinetochores (Brunet et al., 1999) . Stable MTkinetochore interactions are thought to be formed in late meiosis I, after the chromosomes have been positioned (Brunet et al., 1999) . Thus, whereas the 'search and capture' mechanism in mitosis leads to frequent kinetochore-MT misattachment during spindle assembly, and the requirement for error correction by MCAK is intuitive, it was unclear whether a similar mechanism should be necessary in oocyte meiosis I.
Our experiments so far indicate that an MCAK-dependent error correction mechanism is not essential for preventing aneuploidy under normal circumstances. However, we wondered whether we could uncover a role for MCAK in preventing errors under conditions that might promote attachment errors. In mitotic cells, inhibition of the spindle-associated motor protein kinesin-5 using monastrol causes monopolar spindles with all kinetochores attached to the same pole (mono-oriented chromosomes) (Kapoor et al., 2000; Mayer et al., 1999) . Monastrol treatment of mid-meiosis I oocytes caused a spherical MT array around which bivalents were arranged with all kinetochores oriented towards the centre (Fig. 4) . Although it is likely that the majority of MTs in this scenario form unstable interactions with kinetochores and chromosomes, we reasoned that such an arrangement, with homologous kinetochores similarly oriented, would increase the risk of misattachments when spindle bipolarity is re-established. Control-MO-and MCAK-MO-injected oocytes recovered from monastrol-induced spindle collapse and most completed meiosis I, MCAK-MO again causing a small, but significant, decrease in the proportion of oocytes completing meiosis (Control-MO, 81±5%; MCAK-MO, 60±7%; P<0.05). Interestingly, MCAK-depleted oocytes
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Development 137 (13) . Strikingly, however, almost all MCAK-depleted oocytes that completed meiosis had 20 chromatid pairs, indicating that aneuploidy had again been avoided (Fig. 4B) . Thus MCAK-depleted oocytes recovered from monastrol-induced kinetochore mono-orientation in meiosis I to segregate chromosomes correctly. Our data show that MCAK depletion or inhibition in mouse oocytes causes chromosome misalignment in mid-meiosis I, similar to in mitotic cells and Xenopus extracts, implying an imbalance of forces upon chromosomes. This suggests a role for MCAK in regulating MT interactions with the chromosome arms, and it is intriguing that MCAK is detectable on chromosome arms in oocytes. Alternatively, chromosome misalignment might reflect a more general effect of MCAK perturbation upon spindle MTs. The mechanisms of chromosome positioning in oocyte meiosis I remain relatively poorly studied, although it is interesting in this context that recent studies have revealed that microfilaments surround the spindle in mouse meiosis I (Azoury et al., 2008; Li et al., 2008; Schuh and Ellenberg, 2008) and that actin/myosin perturbation causes chromosome misalignment in some systems (Snyder et al., 2009) .
Most importantly, our experiments employing MCAK depletion, RAMFLhyp-RFP expression, both together, or MCAK depletion paired with monastrol-induced spindle collapse, all failed to uncover a requirement for MCAK in preventing segregation errors, indicating that, unlike in mitosis, MCAKmediated error correction at the kinetochore is not necessary to prevent aneuploidy in oocyte meiosis I. Although we cannot formally exclude the possibility that undetectable levels of residual pre-existing MCAK might persist in the morpholino experiments, the additional use of RAMFLhyp-RFP supports the notion that MCAK is dispensable. In insect spermatocyte meiosis I, treatments that misorientate bivalents can lead to kinetochore misattachment, the correction of which is important for faithful chromosome segregation (LaFountain and Oldenbourg, 2004; Nicklas, 1997) . However, having found no role for MCAK in aneuploidy prevention in oocytes, we speculate that chromosome alignment prior to K-fibre establishment (Brunet et al., 1999) , combined with the tendency of kinetochores to capture MTs from the pole that it faces (Nicklas and Ward, 1994) , cause a redundancy of error correction in mammalian oocyte meiosis I. Such a scenario might benefit from bivalent geometry, as homologous kinetochore pairs in meiotic bivalents are spaced further apart than mitotic sisters, and the perpendicular arms of aligned bivalents might act as a further barrier to the formation of contralateral attachments. Thus, the delayed establishment of kinetochore-MT interactions in mammalian oocyte meiosis I might prevent incorrect attachments at the kinetochore, such that there is normally little need for error correction (Fig. 4C) .
Although MCAK is the best-studied Kinesin-13 family member and the first shown to correct kinetochore-MT misattachments in somatic cells, we also found that KIF2A, the Kinesin-13 member that promotes MT disassembly at spindle poles in mitosis (Ganem and Compton, 2004) , is enriched at kinetochores and centromeres in meiosis (see Fig. S1 in the supplementary material). Unlike Mcak, RNAi of Kif2a in oocytes has so far proven ineffective (our unpublished results), and the role of KIF2B, which has recently 2137 RESEARCH REPORT MCAK in mouse oocyte meiosis been implicated in error correction (Bakhoum et al., 2009a; Bakhoum et al., 2009b; Manning et al., 2007) , is also yet to be established in oocytes. Nonetheless, the current data reveal that MCAK is dispensable for error-free meiosis I in otherwise healthy mouse oocytes, indicating that defects in MCAK-dependent error correction are unlikely to be the primary, or only, lesion in oocyte aneuploidy.
